A liquid chromatographic method was developed and validated for the determination of ginsenosides in Panax ginseng roots by using evaporative light-scattering detection. Eighteen ginsenosides were separated on a reversed-phase C 18 column with water-ammonium acetate-acetonitrile as the mobile phase. The method is suitable for the routine determination of ginsenosides in P. ginseng roots and extracts. The validation of the method was comprehensive for efficiency and recovery optimization of the P. ginseng roots extraction, specificity by liquid chromatography/mass spectrometry, linearity, stability, reproducibility, repeatability, intermediate precision, and robustness.
G
inseng is a very old Chinese medicine that stimulates the central nervous system and produces cardiotonic and antistress effects (1) . The drug is obtained from the roots of Panax ginseng C.A. MEYER (Araliaceae). Several studies suggest that its pharmacological properties are due to triterpene glycosides called ginsenosides (1; Figure 1 ), which are dammarane glycosides possessing (20S)-protopanaxadiol and (20S)-protopanaxatriol aglycone moieties (2) . They are divided into neutral and acidic saponins. The latter are ginsenosides having a malonyl moiety located on a glycosidic chain (3) . The malonyl ginsenosides are thermally unstable and readily demalonylated by heating (4) . Ginsenoside Ro is the only oleanoic acid-type saponin identified in the root of P. ginseng (1) .
Liquid chromatographic determination of ginsenosides has been widely studied in the past 20 years. Several methods using liquid chromatography (LC) with ultraviolet (UV) detection and reversed-phase columns with phosphate buffer in the mobile phase (5-10) have been developed for the determination of both acidic and neutral saponins. Because of the weak UV absorption of ginsenosides, their detection at 200-205 nm is limited, and is characterized by a high level of baseline noise and poor sensitivity. Other techniques have been proposed such as photoreduction fluorescence detection (11) , evaporative light-scattering detection (ELSD; 12), and liquid chromatography/mass spectrometry (LC/MS). The ELSD technique was found to be better than UV detection for the determination of molecules such as ginsenosides, which possess a poor chromophore. However, the method with ELSD used heat for treatment of the sample and failed to detect the malonyl ginsenosides because of the thermal conversion of these compounds to the corresponding neutral ginsenosides. MS with electrospray ionization (ESI), a highly sensitive and soft ionization technique (13) , seems to provide ideal detection for the ginseng saponins (14) , but it is too expensive for routine monitoring. In the present work, we describe an LC-ELSD analytical method that allows the identification and quantitation of both neutral and acidic ginsenosides.
Evaporative Light-Scattering Detection
The evaporative light-scattering detector measures the scattered light generated by microparticles transported by a gas flow and directed through a light beam. The use of ELSD appears ideal when there is a large difference between the volatility of the eluant and that of the sample.
The evaporative light-scattering detector nebulizes the column effluent into droplets, which are carried by a nebulizing gas toward an evaporator (drift) tube. The mist is then directed toward a light beam.
The light, scattered by residual particles of nonvolatile material, is measured by a photomultiplier or a photodiode (Figure 2) . The intensity of the signal is related to the concentration of the solute in the effluent and allows its determination.
In the nebulization process, the chromatographic effluent is converted into a gas stream with a Venturi nebulizer by the inlet gas (which is normally air or nitrogen). A constant nebulization process, which is needed for satisfactory repeatability of the analysis, can be achieved by directing some or all of the aerosol toward the evaporator tube. The average diameter of the droplets and their distribution are influenced by several factors such as density, viscosity, and liquid surface tension, and they vary in diameter from about 4 to 40 µm.
The aim of the vaporization process is to eliminate the solvent while avoiding partial vaporization of the solute. This operation takes place in the heated tube to produce particles of pure solutes. Some producers use a long tube at a moderate temperature, working with a gas stream at room temperature; others use very short tubes and a preheated gas stream or a higher temperature. The particles obtained in the vaporization process have a diameter that depends not only on the diameter of the nebulized droplets but also on the concentration: diameters of about 40-400 nm at 1 ppm and about 400-4000 nm at 1000 ppm. If acids, bases, and salts are used to modify the mobile phase to provide the desired separation, they should be readily evaporated, sublimed, or decomposed into gases in the evaporation tube. Typical mobile-phase modifiers are NH 4 OH, (C 2 H 5 ) 3 N, NH 4 OAc, HCOOH, CH 3 COOH, CF 3 COOH, and HNO 3 .
In the detection process, the microparticles emerging from the evaporation tube are passed through a light beam, and the amount of light scattered by the particles is measured by a photodiode or a photomultiplier at a fixed scattering angle (45, 90, or 120°). The mechanism of light scattering by particles depends on the ratio between the diameter of the scattering particles and the wavelength of the incident source beam. At a constant wavelength value (e.g., laser source), if this ratio is <0.1, the scattered light is in the "Rayleigh" region; if this ratio is >10, the scattered light is in the "reflection-refraction" region; between these 2 limits, the scattered light is in the "Mie" region. A plot of detector response versus solute concentration is sigmoidal, and the peak area I is related to the sample size by the following relationship:
where b is the slope of the response line, m is the mass of the compound injected, and a is the response factor. As a result, plots of the peak area versus the concentration with logarithmic coordinates are linear with slope b:
The dynamic range of an instrument depends on several parameters, and in double logarithmic coordinates it spreads over 2 or 3 decades. The slopes mentioned in the literature are generally between 1 and 1.6; 1.3 is the most representative value. Different authors have observed that for a group of homologous compounds, the detector response is nearly the same. Each deviation in slope and response is the expression of parameters such as partial vaporization of the solute, loss on the wall of the vaporization tube, and coagulation (15) .
Experimental

Standard and Samples
Ginsenosides Rg 1 , Re, Ro, Rb 1 , and Rb 2 were isolated at the Indena Chemical Laboratories. Rg 2 , Rc, and Rd were kindly provided by K. Hostettmann, Institute de Pharmacognosie et Phytochimie, Université de Lausanne, Lausanne, Switzerland. These pure compounds were characterized at the Indena Chemical Laboratories; water content, residual organic solvent content, loss on drying, and LC purity were determined to define their potency ( Table 1 ). The LC method described here and these pure compounds were used to characterize a highly purified P. ginseng dry extract, which was used as a secondary reference standard in the validation study (Rg 1 = 3.38%, Re = 7.66%, Ro = 2.64%, Rb 1 = 17.88%, Rb 2 = 10.50%, Rc = 10.06%, and Rd = 9.88%; Figure 3 ).
P. ginseng roots, ≥3 to 5 years old and collected in China and Korea, were divided into main roots (about 10-20 mm diameter, 50-90 mm length) and secondary roots (about 0.2-4.0 mm diameter, 1.0-9.0 cm length). About 100 g representative samples of each type were ground with a mill (to <0.2 mm).
Solvents and Reagents
Acetonitrile was LC grade from J.T. Baker (Deventer, The Netherlands); ethanol and ammonium acetate for analysis were from Carlo Erba (Milan, Italy); and ammonia solution was 32% extra pure from Merck (Darmstadt, Germany). Water was purified by a Milli-Q plus system from Millipore (Bedford, MA).
Instrumentation
The LC system consisted of a Waters 600 pump (Milford, MA) equipped with a gradient controller and an automatic sample injector module, Waters 717 plus (dwell volume of about 6 mL). The evaporative light-scattering detector was a SEDEX 55 from S.E.D.E.R.E. (Altfortville, France) operating at a nebulizer temperature of 70°C, with nitrogen as the nebulizing gas at a pressure of 2.5 bar. The column temperature was set at 25°C and controlled with a thermostated column compartment 1100 Series from Hewlett-Packard (Waldbronn, Germany). The chromatographic data were recorded and processed by Waters Millennium 32 3.05.01 software. 
LC Analytical Procedure
Analyses were carried out at 25°C on a Hypersil BDS C 18 column (250 × 4.6 mm id, 5 µm, Hypersil Astmoor Runcorn, UK) protected with an Alltech directly connected universal column prefilter of 2 µm porosity (Deerfield, IL). Chromatographic separation was carried out by using 8mM ammonium acetate at pH 7 with ammonium hydroxide (A) and acetonitrile (B) in a linear gradient program. Table 2 shows the gradient tables for a system with a dwell volume of 6 mL and for a system with a dwell volume of about 1-1.5 mL. Because Solvent A can be affected by bacterial contamination (which may increase backpressure and reduce column efficiency), it should be filtered through a 0.2 µm filter, and the solvent container should be sterilized before the LC analysis. After this procedure, Solvent A can be stored for 1 week in a refrigerator (at about 4EC). The flow rate was 0.7 mL/min, and the injection volume was 15 µL. A typical chromatogram is As area % determined by the LC method described in this paper. e Potency = (100 -water content -organic solvent content) x (LC purity)/100, or potency = (100 -loss on drying) x (LC purity)/100. f LOQ = limit of quantitation. shown in Figure 4 . The relative retention time for each ginsenoside (relative to Rb 1 ) is listed in Table 3 .
Identification and Peak Purity
The ginseng saponins were identified by comparing the retention times of the peaks of Rg 1 , Re, Ro, Rf, Rb 1 , Rg 2 , Rc, Rb 2 , and Rd in chromatograms of the extracts with those in chromatograms of the authentic reference samples and by comparing the corresponding mass spectra obtained by LC/MS-ESI (16) .
Extraction of Plant Material
Extraction solvent.-Ethanol-water (40 + 60, v/v) was chosen on the basis of the physicochemical properties and solubility characteristics of the marker compounds and on the basis of preliminary extraction studies.
Recovery optimization.-To optimize recovery, ginseng saponins were extracted by accurately weighing incremental amounts (from 0.1 to 10 g) of root samples. Each sample was transferred to a separate clean and dry 250 mL screw-cap bottle with pouring ring (to avoid loss of solvent due to evaporation). A 60.0 mL portion of ethanol-water (40 + 60) was added. Each bottle was sonicated (L&R Model Quantrex S200 [L&R, Kearny, NJ) for about 15 min and extracted for 4 h by using an automatic shaker (KIKA Laboratechnics Model HS 501, [KIKA Laboratechnics, Wilmington, NC] operated at 200 rpm). A 40.0 mL portion of extraction solvent was added to each bottle, and the contents were mixed well and left to stand for a few minutes to allow the visible solids to settle. An aliquot (about 2 mL) of the supernatant was used for LC analysis.
The lowest sample weight of each plant sample which was tested and which yielded the highest percent recovery of ginsenosides was used in extraction efficiency testing and validation with the same extraction solvents and conditions. For main and secondary P. ginseng roots, the total ginsenosides recovery (%, calculated as described in the Quantitation section) obtained under these extraction conditions is plotted versus sample weight in Figure 5 . The decrease in total ginsenoside content for a sample weight of <0.5 g is related to the chromatographic signal of the minor ginsenosides, which is lower than the instrumental sensitivity. Optimal sample weights are about 8 g for P. ginseng main roots and about 4 g for P. ginseng secondary roots.
Extraction efficiency testing and validation.-Ten replicates of each sample were accurately weighed, as indicated by previous results. Each replicate was transferred to a separate clean and dry 250 mL bottle, and 60.0 mL extraction solvent was added. Each replicate was extracted as described in the previous Recovery optimization section, and an aliquot (about 2 mL) of the supernatant from each flask was analyzed by LC. An additional 48.0 mL (50.0 mL total) was then removed from each flask and discarded. A 30.0 mL portion of fresh extraction solvent was added to each flask; replicates were reextracted as previously described. A 20.0 mL portion of extraction solvent was added to each bottle to obtain the final volume; the contents were mixed well and left to stand for a few minutes to allow the visible solids to settle. A portion of the supernatant was used for LC analysis.
The average percent recovery of ginsenosides was calculated for each set of 10 extractions and the corresponding reextractions. The average value calculated for the reextractions was doubled to compensate for the 50.0 mL extract that was discarded and replaced with fresh extraction solvent. These 2 averages for each marker compound were statistically compared to determine if they were significantly different. The extraction was considered 100% exhaustive because there was no significant difference between these values by analysis of variance at the 99% confidence level (16).
Linearity
As reported in the section on ELSD, a plot of detector response versus solute concentration is sigmoidal; consequently, plots of peak area versus concentration expressed as logarithmic coordinates are linear over 2 or 3 decades for most commercial detectors.
The linearity of log response versus log concentration for ginsenosides Rg 1 , Re, Ro, Rb 1 , Rc, Rb 2 , and Rd was determined over 11 levels of concentration for the secondary reference standard of P. ginseng extract with 3 injections for each level. Using these ranges of concentration for the secondary reference standard, we evaluated the linearity ranges for the 7 ginsenosides under study with a minimum of 6 concentration levels for each constituent. The linearity ranges for the 7 ginsenosides are reported in Table 4 .
Stability
The secondary reference standard was dissolved in water-methanol (9 + 1, v/v), and P. ginseng roots were extracted with ethanol-water (40 + 60). The stability of the ginsenosides in these solutions at room temperature was evaluated. The analyses were performed by injecting the stability solutions every 4 h over 48 h. The regression lines of the stability studies were calculated for every ginsenoside from plots of area responses versus time intervals. The slope of the stability line was used to estimate the stability of the constituents up to 48 h.
Reproducibility of the Injection Integration Procedure, Repeatability, and Intermediate Precision
The reproducibility of the injection integration procedure was determined for ginsenosides Rg 1 , Re, Ro, Rb 1 , Rc, Rb 2 , and Rd in the secondary reference standard. The solution was injected 10 times, and the relative standard deviation (RSD) of the peak area of each ginsenoside was calculated (Rg 1 , 3.80%; Re, 0.98%; Ro, 2.80%; Rb 1 , 1.16%; Rc, 1.35%; Rb 2 , 1.70%; and Rd, 1.20%).
To evaluate the repeatability of the method, 3 solutions with different concentrations of P. ginseng roots were prepared (64, 80, and 96 mg/mL for P. ginseng main roots and 32, 40, and 48 mg/mL for P. ginseng secondary roots). For each level 3 different solutions were prepared, and each solution was injected 3 times. The concentrations of the ginsenosides listed in Table 4 were calculated to estimate the RSD (precision).
To establish the effects of random events on the repeatability of the analytical procedure, the above trials were performed in 2 different laboratories with 2 different instrumentation systems by 2 analysts on different days. The concentrations of ginseng saponins from these 2 trials for both P. ginseng main and secondary roots were evaluated (intermediate precision).
Robustness
To evaluate the reliability of the analytical method, the effect of the most important chromatographic parameters such as flow rate, column temperature, solvent pH, and ammonium acetate molarity were deliberately changed. The effects of these variations on the chromatographic behavior of the ginsenosides were studied.
Each parameter was studied at a high level (flow, 0.8 mL/min; temperature, 30°C; pH, 7.5; and 10mM ammonium acetate) and at a low level (flow, 0.6 mL/min; temperature, 20°C; pH, 6.5; and 5mM ammonium acetate) with respect to the value specified in the analytical method (flow, 0.7 mL/min; temperature, 25°C; pH, 7.0; and 8mM ammonium acetate). tion of extraction solvent was added to each bottle, and the suspension was mixed well and then left to stand for a few minutes to allow the visible solids to settle. An aliquot (about 2 mL) of the supernatant was transferred to a borosilicate vial (Waters) for LC analysis.
Test solution for P. ginseng secondary roots.-About 4.0 g pulverized P. ginseng secondary roots was accurately weighed in a clean and dry 250 mL bottle with screw cap and pouring ring. The material was treated as described for the primary roots.
After the suitability of the system was verified, all the standards and samples (2 preparations for each) were injected alternatively.
The logarithmic calibration curves for the main constituents present in the secondary reference standard were determined. The content (T%) of each ginsenoside in extraction solutions for P. ginseng roots was calculated with the following equation:
where A i = (LogResponse i -a i )/b i ; LogResponse i = log of the peak area of the i-th ginsenoside in the test solution; a i = log of the calibration curve intercept for the i-th ginsenoside in the reference standard solution; b i = log of the calibration curve slope for the i-th ginsenoside in the reference standard solution; and C test = concentration of the test solution in µg/mL. The constituents that were present in the test solution but not in the secondary reference standard were quantified as indicated in Table 3 .
Results and Discussion
This analytical method was developed with the following goals: to provide an exhaustive extraction procedure for ginseng roots, to generate accurate quantitative data for ginsenosides and malonyl ginsenosides, and to obtain good specificity and reproducibility.
The choice for the mobile phase is limited by the ELSD. Several binary and ternary combinations of methanol, acetonitrile, and water with ammonium acetate buffer or trifluoroacetic acid were assayed. These trials showed the great influence of the pH of the mobile phase on the separation of the acidic-type ginsenosides. By increasing the pH from 4.0 to 7.6, the separation of malonyl ginsenosides was improved. These organic aqueous-based mobile phases were tested with RP-8, RP-18, CN, and phenylic stationary phases. A good chromatographic separation for ginsenosides was obtained with a linear gradient ( Table 2 ) of aqueous 8mM ammonium acetate, buffered to pH 7 with ammonium hydroxide, and acetonitrile on a reversed-phase C 18 column.
The 2 evaporative light-scattering detectors were set up according to the manufacturer's instructions to achieve the best sensitivity. The lower temperature and gas flow that produced the lower signal-to-noise ratio were chosen for the analytical trials.
The LC-ELSD chromatogram (Figure 4) showed the presence of 18 peaks, and the LC/MS-ESI analysis allowed the peak attribution reported in Table 3 (17) . For comparison, LC-UV and LC-ELSD chromatograms showing the lower sensitivity of UV detection are shown in Figure 6 .
To optimize the extraction procedure, different aqueous alcoholic solutions were tested both at room temperature and by heating. The results confirmed that malonyl ginsenosides are thermally unstable, and that the highest yields are obtained by extracting the plant material (<0.2 mm) with ethanol-water (40 + 60) sonicating for 15 min, and shaking for 4 h at room temperature.
The recovery optimization study allowed us to optimize the sample weight and the extraction conditions for the P. ginseng main and secondary roots. For the main roots, the optimal weight is about 8 g in 100 mL ethanol-water (40 + 60) and about 4 g in 100 mL of the same solvent system used for the secondary roots ( Figure 5 ). The sonication in the extraction procedure seems to be necessary to decrease extraction time and to improve extraction efficiency. Because most commercial sonication baths heat the solution during the sonication procedure, it is necessary to keep the bath temperature under control (#30°C) to prevent degradation of the malonyl ginsenosides.
The extraction efficiency testing showed that the extraction procedure was exhaustive for the ginsenosides in both main and secondary roots. The logarithmic plots of detector response versus ginsenoside concentration show a good degree of linearity with a coefficient of correlation that is >0.997 for all the ginsenosides (Table 4 ). The slopes of the regression lines were in the range 1.495-1.601. The linearity behavior was verified for all the marker compounds over 3 decades of concentration.
The stability study showed that the ginsenosides are stable for 24 h at room temperature in the extraction solvent, ethanol-water (40 + 60), and in the standard solubilization solvent, water-methanol (9 + 1, v/v). Partial degradation of the malonyl ginsenosides occurs when the solutions are kept under the above conditions for >24 h. After 48 h the areas of the malonyl peaks show a decrease of about 5%.
The minor ginsenosides not present in the secondary reference standard are quantified with respect to the ginsenosides eluted with a similar mobile phase composition (e.g., malonyl-Rb 1 is quantified as Ro and not as Rb 1 ). This process is necessary because of the response of the evaporative light-scattering detector, which is strictly related to the mobile phase composition.
Repeatability studies were carried out for both main and secondary roots in the range 80-120% of the nominal working concentration. The highest RSD (precision) values for the ginsenosides content were 4.8% for the main roots and 3.6% for the secondary roots.
The intermediate precision was assessed by means of intralaboratory trials with 2 different analysts on different days, using 2 different LC systems. The first LC system is described in the Instrumentation section; the second was a Waters 2690 Alliance liquid chromatograph (dwell volume, 1.5 mL) with Alltech Model 500 evaporative light-scattering detector (Alltech Associates) operated at a nebulizing temperature of 110°C, with nitrogen as the nebulizing gas at a pressure of 3.13 bar. The ginsenosides contents from the 2 trials differed by <3% for both main and secondary roots.
The robustness study showed that small variations in column temperature, flow rate, solvent pH, and ammonium acetate molarity do not affect the resolution of the ginsenosides during the LC analysis. Four other columns are suitable for application of the method: ODS A, A-303-3, 3 µm, 150 × 4.6 mm (YMC); ODS-AP, AP-303, 5 µm, 250 × 4.6 mm (YMC); Discovery C18, 5 µm, 250 × 4.6 mm (Supelco); and 300 SB C18, 5 µm, 250 × 4.6 mm (Zorbax).
Two different detector technologies were evaluated for detector robustness: Alltech and Sedex. The choice of the detector does not affect the analysis, even if the Sedex technology seems to be more suitable for eluants with high percentages of water and for solutes that are thermosensitive.
Conclusions
An LC method has been developed for the analysis of P. ginseng roots, allowing the identification and quantitation of 18 ginsenosides. The method was found to be specific and suitable for routine analysis because of its reproducibility and robustness.
